word count (limit 350 words): 314 28 29 Abstract 31 Background: Microbes and their metabolic products influence early-life immune and 32 microbiome development, yet remain understudied during pregnancy. Vaginal microbial 33 communities are typically dominated by one or a few well adapted microbes, which are able to 34 survive in a narrow pH range. In comparison to other human-associated microbes, vaginal 35 microbes are adapted to live on host-derived carbon sources, likely sourced from glycogen and 36 mucin present in the vaginal environment.
206
Shotgun metagenomics sequencing. Sequencing libraries were prepared using the Illumina 207 Nextera kit and methods described in Baym et al. [37] . Briefly, DNA from each sample was 208 diluted to 0.5ng/µl and tagmented with the Nextera enzyme (Illumina) for 10 min at 55°C.
209
Following tagmentation, each sample received 1 µl forward and 1 µl reverse barcodes, which 210 were added via PCR using Phusion DNA polymerase (New England BioLabs). After PCR, the 211 libraries were cleaned of smaller DNA fragments, using AMPure XP magnetic beads (Beckman-
212
Coulter), and pooled by concentration. Libraries were quantified using the Quanti-iT PicoGreen 213 dsDNA kit (Thermo Fischer Scientific), and DNA was run on a gel to check fragment size. These [45] . These reads were also cross assembled using SPAdes v3.8.2 [46] . Each sample was then 248 mapped to this cross-assembly using Bowtie2, and samples from the same subject were 249 merged together using Samtools v1.9 and the resulting bam files and the cross-assembly were 250 imported into Anvio4 [47] . Taxonomy was assigned to each gene call using Kaiju [48] which 251 subsequently informed a more accurate metagenomics binning of the most abundant microbes 252 present.
254
Statistical Analysis. Unless otherwise noted, statistics were done using the ecological 255 statistics program Primer-e v7 [49] . Metabolic data were normalized in Primer-e by dividing by 256 sum total for each sample. The specific programs used in Primer-e were permutational 257 multivariate analysis of variance (PERMANOVA) and distance-based linear models (DistLM),
258
the former of which calculates the significance and variance explained by a given factor and the 259 latter determining which environmental variables correlate with the biological (microbiome) data.
260 RFPermute [50] , an R package for permutated random forests, was also performed to 261 determine which annotated GC metabolites were indicative of microbial composition.
262
PERMANOVA also partitions variance based on each factor, which is done in Primer-e by 263 dividing the factor estimate by the sum total estimates of components of variation (ECoV).
264
Traditional R 2 values were also calculated by dividing the sum of squares by total sum of 265 squares. LMEs were carried out as described above; R 2 values for linear mixed models was 
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Vaginal microbiota support high abundances of Lactobacillus and Bifidobacteriaceae throughout 287 pregnancy 288 16S rRNA gene sequencing stratified cervical samples into those where the most 289 abundant taxon was Lactobacillaceae (34/42, 81%) or Bifidobacteriaceae (8/42, 19%) ( Fig. 2A ).
290
The bacterial taxa in samples with abundant Bifidobacteriaceae were significantly more evenly 291 distributed (LME, P=0.001, Fig. 2B 
306
(Supp. Fig. 1 ). Most of the reads classified as L. crispatus or L. iners mapped to a single 307 metagenomic assembled genome, with completeness of 95.7% and 97.1% and redundancy of 308 0% and 1.4% respectively.
309
Twelve samples from seven subjects produced ITS2 sequences ( Fig. 2a ); we do not 310 have quantitative data characterizing the abundance of bacterial or fungal biomass. Eleven 311 samples from six subjects contained species of Candida, classified as C. albicans (Supp. Fig.   312 2), the most abundant fungal taxon in these data. Subject 1088 was the only participant to 313 deviate from this trend, with a high relative abundance of Aspergillus during the first trimester of 314 pregnancy (Supp. Fig. 2 ).
315
Alpha diversity indices based on 16S rRNA, and ITS2 data when available were 316 compared across trimesters. While some subjects exhibited qualitative evidence of 317 compositional shifts in vaginal microbiota with advancing gestation ( Fig. 2A ), we did not observe 318 a significant difference in bacterial richness (number of observed OTUs) (LME, p = 0.17), 319 evenness (Pielou's evenness index) [52] (LME, p = 0.46) or phylogenetic diversity (LME, 
336
The six subjects with Candida detected in at least one of two longitudinally-paired 337 samples displayed a significant increase in inter-sample Bray-Curtis dissimilarity in their 338 bacterial profiles over that interval (e.g. the intervals between trimester 1-2, 2-3, or 1-3),
339
suggesting the presence of Candida may be associated with greater shifts in bacterial 340 composition than those who had no Candida detected (Supp. Fig. 2B ).
342
Metabolites have strong associations with vaginal microbial community structures 343 Using GC-TOF MS, we detected 330 metabolites from urine, saliva, and CVF with 133 344 identified compounds. In the same samples, 1946 metabolites were also detected by LC-QTOF 345 MS/MS (lipidomics, Supp. Table 1) , with an additional 353 identified compounds. The CVF 346 metabolome as assessed by both mass spectrometry methods did not significantly differ across 347 trimesters (LME, GC-TOF MS: p = 0.6378, LC-MS/MS: p = 0.3942). This stability was even true constrained, distance-based ordination plot recapitulated 67% of the community variation 352 observed in the vaginal microbiota ( Fig. 4) . Superimposed on the ordination plot are GC-TOF 353 predictor metabolites, calculated using the DistLM program in Primer-e. Indole-3-lactate (ILA) 354 accounted for 27% of variation observed in the vaginal microbiota data, and was found to be 355 more abundant in vaginal microbiota with abundant L. crispatus (Fig. 4B ). Mannitol was also 356 more abundant in samples dominated L. crispatus (Fig. 4C ). In parallel we found that a pathway 357 for mannitol production is also more abundant in shotgun metagenomic datasets of CVF 358 samples dominated by L. crispatus (Supp. Fig. 3 ). This linear model identified the top ten 359 annotated GC-TOF metabolites that were associated with variation in the microbial community 360 composition are shown in Figure 4a ; these ten metabolites together might explain almost 57% Fig. 1 ). PERMANOVA analysis of lipidomics 384 data from saliva samples showed the largest difference between mothers and offspring 385 (PERMANOVA, R 2 = 69%, p = 0.001, Supp. Fig. 6A ). A subset of 50 lipidomics metabolites with 386 high mean abundance, 70% of which were unannotated, showed distinct profiles between 387 mother and offspring salivary metabolomes (Supp. Fig. 7) . Likewise, GC-TOF salivary 388 metabolomes were also significantly different between mother and offspring, but far less 389 variation was explained (PERMANOVA, R 2 = 12%, p = 0.0001, Supp. Fig. 6B ). Some 390 metabolites, such as lactulose, were much more abundant in infants and largely absent in 391 mothers (Supp. Fig. 8 ). Maternal metabolomics profiles (both GC-TOF and LC-MS/MS 392 lipidomics) have a strong individual signature, while infants do not (see PERMANOVAs, Supp, 393 Table 2 ). The infant metabolome for saliva and urine had little variance attributed to which 394 subject donated the sample, but GC-TOF was able to detect a significant change between the 395 infant urine metabolome at birth versus 6 and 12 months of age (PERMANOVA, R 2 = 34%, p = 396 0.0007, Supp. Table 2 ). Moreover, from lipidomics data, the infant metabolome profile seemed 397 to converge on mothers' metabolomes as they aged, though more samples would be needed to 398 confirm this finding (Supp. Fig. 9 ). For both saliva and urine, GC-TOF and lipidomics detected methods (including both GC-TOF vs lipidomics) showed a strong correlation between saliva 
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in some cases, more diverse, Bifidobacterium-dominated microbiota. However, a subset of 422 women exhibited compositional shifts in their CVF microbiota as pregnancy progressed, as has 423 also been seen in other larger cohorts [13] . We found several strong correlations between 424 particular vaginal communities and metabolites, which may help us understand the physiology 425 underlying distinct vaginal microbiota structures that were evident in our study. Lastly, vaginal 426 microbiota composition predicted which metabolites were present in the CVF samples, but not from individuals whose vaginal microbiota were dominated by an organism other than L. 456 crispatus.
458
A few metabolites were highly indicative of the bacterial community present in each 459 subject and may be useful biomarkers for the type of vaginal microbiota present. The most 460 indicative metabolite was indole-3-lactate (ILA), a tryptophan metabolite whose abundance was 461 correlated with communities having abundant L. crispatus (Fig. 4B and Supp. Fig. 4 ). One 462 potential explanation is that L. crispatus produces ILA to competitively exclude the growth of 463 other species (Fig. 7) . At physiologically relevant concentrations, ILA has been shown to have 464 anti-microbial properties against both Gram-positive and Gram-negative organisms [57, 58] .
465
Although the production of lactic acid is generally thought of as a strategy Lactobacillus spp. use 466 to prevent other species from colonizing the vagina, perhaps these organisms also use ILA in a 467 similar or supplementary capacity. Additionally, bacterial derived ILA (also referred to as indole- indole-3-acetate (IAA), the direct precursor to IAld, in our study, but found no difference in its 477 abundance between women dominated by different species of Lactobacillus (data not shown).
478
Because indole-3-lactate can act as a ligand for AhR, we hypothesize that L. crispatus may Whole genome shotgun metagenomics allowed us to begin to address the functional 484 capacities of these microbiomes. The largest differences between functional capacity appeared 485 to be between communities where L. crispatus or G. vaginalis were the most abundant bacterial 
493
Increased abundance of mannitol when L. crispatus was present is an important and 494 unexpected finding (Fig. 4) . Mannitol itself may optimize the tonicity of the vaginal environment, 495 and has recently been considered for this use in developing effective therapeutics for altering 496 the vaginal microbiota [64] . Even more, mannitol may assist L. crispatus in adhering to the epithelial layer, a strategy the organism uses to competitively inhibit other microbes from 498 colonizing, by drawing out excess water in the mucin layer and altering the mucin structure [65] .
499
Irrespective of the biochemistry, these genes, and mannitol in general, represent very specific 500 markers of a community where L. crispatus was most abundant.
502
Although it is known that homofermentative lactic acid bacteria (LAB) such as L. four distinct vaginal communities. One study indicated that FLAB need oxygen or pyruvate to 517 efficiently dissimilate glucose [72] . We suggest that L. crispatus could represent a fructophilic 518 LAB, which in the low abundance of oxygen and pyruvate, switches to metabolizing fructose to 519 mannitol. This may imply that available electron acceptors play an important role in the 520 maintenance of lactic acid in the vaginal environment, and the depletion of electron acceptors 521 may contribute to community dysbiosis due to a rise in pH (Fig. 7) . Future experiments using 522 culturing to elucidate whether these in vivo community data are recapitulated with axenic 523 cultures in vitro are needed.
525
Furthermore, this study began to investigate the utility of two metabolomic methods (GC-526 TOF and LC-MS/MS lipidomics) for analysis of the pregnancy and early life metabolomes. Our 527 data showed that metabolite intensities obtained by GC-TOF were more tightly correlated with 528 microbial community composition than those obtained by lipidomics, perhaps indicating that GC-
529
TOF is more effective at detecting microbial metabolites than lipidomics, especially during 530 pregnancy. We also show that both the saliva and urine metabolomes of children are more 
567
Many of the metabolites that were specific to these different organisms warrant further 568 investigation, especially considering the recent development of VMT as a treatment for BV [28] .
569
The metabolites we found to be associated with L. crispatus may be useful as microbiome Prof. Dan Cooper for enthusiasm and strategic advice. We would like to thank the members of 580 the Whiteson Lab, especially Dr. Whitney England for insight into metagenomics analysis, 
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Supp. Fig. 9 Trimester Phylogenetic Diversity E A LME: P = 0.001 LME: P = 0.17 LME: P = 0.46 LME: P = 0.21 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 1 2 2 3 1 3 1 3 Trimester Figure 3 : Ordination of vaginal microbiomes during pregnancy. A) Non-metric multidimensional scaling (nMDS) of Bray Curtis dissimilarity between vaginal microbiomes of mothers. Color indicates the most abundant microbe within the microbial community. The most abundant microbe in the community plays a statistically significant role in the composition of the community (LME, R 2 =69%, p < 0.0001) B) Some participants experienced large, significant shifts in their microbiomes throughout the trimesters of pregnancy.
A
Figure 4: Relationship between vaginal microbes and metabolites.
A) Distance-based linear model recapitulates the relationship between the vaginal microbiomes of these subjects. Superimposed are vectors showing which annotated GC-TOF molecules are best correlated with these microbial communities. Length and direction of vectors correspond to the strength of the association between the metabolite and the microbial communities. Boxplots show the raw abundance of B) indole-3-lactate and C) mannitol. where future work is needed. Our study indicates that mannitol production is associated with a high relative abundance of L. crispatus.
